The human cytomegalovirus (HCMV) UL75 gene product is the homologue of herpes simplex virus type 1 (HSV-1) glycoprotein H (gH), a virion glycoprotein that is essential for infectivity and which is conserved among members of the alpha-, beta-and gammaherpesviruses. It has previously been shown that HSV-1 gH forms a stable complex with HSV-1 gL, the product of the UL1 gene, and the formation of this complex facilitates the cell surface expression of gH.
Glycoprotein H of human cytomegalovirus (HCMV) forms a stable
The human cytomegalovirus (HCMV) UL75 gene product is the homologue of herpes simplex virus type 1 (HSV-1) glycoprotein H (gH), a virion glycoprotein that is essential for infectivity and which is conserved among members of the alpha-, beta-and gammaherpesviruses. It has previously been shown that HSV-1 gH forms a stable complex with HSV-1 gL, the product of the UL1 gene, and the formation of this complex facilitates the cell surface expression of gH.
None of the open reading frames within the HCMV genome encode a product with discernible sequence homology with HSV-1 gL, but an examination of the arrangement of conserved genes in HCMV suggested that the ULll5 gene is a 'positional homologue' of HSV-1 UL1 which, like UL1, encodes a small secreted glycoprotein. Co-expression of HCMV gH (the UL75 gene product) and the UL115 gene product revealed that these proteins form a disulphide-linked complex and that the formation of this complex results in cell surface expression of gH. This complex is analogous to the gH:gL complex of HSV-1 and the HCMV UL115 gene product is therefore the functional homologue of HSV-1 gL.
Analysis of the nucleotide sequence of human cytomegalovirus (HCMV) has suggested that as many as 54 open reading frames may encode polypeptides with properties characteristic of transmembrane or secreted glycoproteins (Chee et aL, 1990) . Of these only two, the UL55 and UL75 gene products, are conserved in members of the alpha-and gammaherpesvirus subgroups. The UL55 translation product is cleaved proteolytically to generate a disulphide-linked complex which has been named gcI (Gretch et al., 1988) or gp55-116 (Britt, 1984) and is the homologue of herpes simplex virus type 1 (HSV-1) glycoprotein B (gB) (Cranage et al., 1986) . UL75 encodes the homologue of HSV-1 glycoprotein H (gH) (Gompels & Minson, 1986; Cranage et al., 1988; Pachl et al., 1989) and was originally named gp86 (Rasmussen et al., 1984) . Gretch et al. (1988) observed a number of high Mr species when immune precipitations prepared with anti-gH antibodies were analysed under non-reducing conditions and argued that this protein is a component of a complex which they designated glycoprotein complex III (gcIII). The conservation of gB and gH among all herpesviruses examined implies a key role for these molecules in the herpesvirus life cycle, a view supported by the fact that both glycoproteins are essential for HSV-1 infectivity (Cai et al., 1988; Forrester et al., 1992) , and although the HCMV homologues have not yet been shown to be essential in vitro, both proteins are present in the virion and both are targets for antibody-mediated neutralization (e.g. Rasmussen et al., 1984; Cranage et aL, 1986 Cranage et aL, , 1988 . In consequence, the HCMV gB and gH homologues are considered to be candidate components of HCMV subunit vaccines.
The similarities between the gH homologues of HSV and HCMV are reinforced by the abnormal characteristics exhibited by these proteins when they are synthesized in the absence of other herpesvirus proteins. HSV-1 gH has been synthesized in a variety of mammalian expression systems and in each case has failed to be transported to the plasma membrane and is antigenically distinguishable from the protein made during HSV-1 infection (Gompels & Minson, 1989; Forrester et al., 1991 ; Fofi-Tomasi et aL, 1991) . A similar transport failure was observed when the HCMV UL75 gene was expressed by a recombinant vaccinia virus (Cranage et aL, 1988) implying that in both HSV-I and HCMV processing and transport of gH requires the involvement of a virus-specific 'chaperone'. It has recently been reported that HSV-1 gH forms a noncovalent complex with a novel HSV-1 glycoprotein, gL, the product of the UL1 gene, and that expression ofgL is obligatory for the processing and transport of gH to the cell surface (Hutchinson et al., 1992 Fig. 1 . Location of a potential homologue of the HSV-1 ULI gene in the HCMV genome. The arrangement of the HSV-1 genes ULI to UL7 was compared with the arrangement of known homologues in EBV and HCMV (McGeoch et al., 1988; Chee et al., 1990) . Conserved genes are connected by dashed lines. The 'positional homologues' of HSV-L ULI are marked by an asterisk.
sought to establish whether HCMV gH also forms such a complex and whether HCMV encodes a functional homologue of HSV-1 gL. The predicted amino acid sequence of the HSV-1 UL1 gene product (HSV-1 gL) was used to search the PIR sequence databases (PIR and PIRnew, release 30; George et al., 1986) for similarity to other sequences using the program FASTA (Pearson & Lipman, 1988) . No significant similarity was detected between HSV-1 UL1 and other sequences including those reported for HCMV (Chee et al., 1990) . The arrangement of conserved genes in the vicinity of HSV-1 UL1 was therefore examined to determine the location in the HCMV genome of a possible 'positional homologue' which may encode a product that is functionally homologous to HSV UL1 but has a sequence which has diverged such that simple sequence similarity can no longer be detected. Fig. 1 shows the arrangement of genes UL1 to UL7 in HSV-1 (McGeoch et al., 1988) and the arrangement of the known homologues in EpsteinBarr virus (EBV) (Baer et al., 1984; Davison & Taylor, 1987) and HCMV (Chee et al., 1990) . In comparison to the arrangement in HSV-1 this conserved gene block has been subject to both significant expansion (HCMV) and contraction (EBV). In HSV-1 the UL1 gene lies adjacent to the gene encoding uracil-DNA glycosylase (UL2) whose homologues in EBV and HCMV are BKRF3 and UL 114, respectively. Davison & Taylor (1987) suggested that BKRF2, the gene immediately 5' of uracil-DNA glycosylase in EBV, might be a positional homologue of HSV-1 UL1 and it is notable that BKRF2 and UL1 represent the ends of this conserved gene block. In HCMV the conservation of this gene block is less obvious, but the gene immediately 5' of uracil-DNA glycosylase, ULll5, is in the same orientation, is the same size as UL1 and also represents the end of a conserved block because genes to the right (in the orientation shown in Fig. 1 ) are unique to HCMV and border the inverted repeat region.
Having identified HCMV ULll5 as a positional homologue of HSV-1 UL1, the predicted translation products were compared. A dot matrix comparison (Staden, 1986) of the amino acid sequences showed no primary sequence similarity, but the size and overall character appeared similar. Both genes encode relatively small proteins of 224 residues (UL1) and 278 residues (UL115) and are transcribed late in the infectious cycle (Leatham et al., 1991; B. Moss & D. J. McGeoch, personal communication) . Both sequences contain a hydrophobic N-terminal region which may act as a signal sequence for membrane insertion, a C-terminal charged domain and a single potential N-glycosylation site. Moreover, these properties are shared by the predicted product of BKRF2, the EBV homologue. Thus, these proteins have overall similar characteristics and may share a common tertiary structure undetectable from sequence alignments.
HSV-1 gL, the product of the UL1 gene, associates with HSV-1 gH and facilitates transport of gH to the cell surface. To find whether the ULll5 gene product performs a similar function in HCMV, recombinant vaccinia viruses were constructed that express either HCMV gH (the UL75 gene product) or the product of the ULll5 gene, under the control of the promoter for the vaccinia virus 4b gene (Rosel & Moss, 1985) . The general strategy used was as described by Mackett et al. (1984) . The UL75 open reading frame was obtained from the AD169 strain HindIII L fragment cloned in pAT153 (Oram et al., 1982) , as a 2.5 kb HindIII/SmaI fragment (nucleotides 107678 to 110230; Chee et al., 1990) in which the UL75-initiating ATG lies 96 nucleotides 3' of the SmaI site. This fragment was end-repaired with DNA polymerase I Klenow fragment and inserted into the Sinai site ofpRK19 (Kent, 1988) viruses were derived by recombination of strain W R with pRK19-UL75 or with p R K 1 9 -U L l l 5 followed by selection in 5-bromodeoxyuridine as described by Mackett et al. (1984 Mackett et al. ( , 1985 . Recombinant plaques were identified by D N A hybridization and subjected to two rounds of plaque picking. Cloned viruses were finally checked by restriction enzyme analysis and Southern blot hybridization to verify their genome structures. Recombinant viruses were named UL75-Vac and UL115-Vac. To determine whether the UL75 and U L l l 5 gene products form a complex, BHK-21 cells were infected with UL75-Vac and UL115-Vac at an m.o.i, of 15 either alone or in combination. After 4 h the culture medium was replaced with methionine-free medium containing 100 ~Ci/ml [35S]methionine (Amersham; > 1000 Ci/ mmol), the cells were harvested after a further 4 h and lysates were prepared. Immune precipitations were performed in duplicate using monoclonal antibody HCMV-16, specific for gH (Cranage et al., 1988) and one of each duplicate was treated with endoglycosidase H prior to electrophoresis in 12-5~o acrylamide-SDS gels under reducing conditions. Fig. 2 shows that, as expected, the antibody precipitated the 86K glycoprotein, gH, from lysates of cells infected with UL75-Vac. No unique product was precipitated from cells infected with U L l l 5 -V a c alone, but cells infected with both recombinants contained, in addition to gH, a species of approximately 31K precipitated with gH-specific antibody. This polypeptide was sensitive to endoglycosidase H and the size of the deglycosylated species (about 29K) is consistent with the predicted size of the UL115 gene product. Since we have been unable to obtain a UL115-specific antiserum we cannot formally prove that the 31K species corresponds to the U L l l 5 gene product. However, since it is observed only in HCMV-16 precipitates from cells infected with U L l l 5 -V a c , we suppose that it must be the product of the UL115 gene and, by analogy with HSV-1, we subsequently refer to this protein as gL. The very weak labelling of gL relative {c) (el) Fig. 4 . Cell surface expression c~f HCM V gH requires co-expression ofgL. TK cells (cell line t43) were infected with UL 115-Vac (a, h), d) or co-infected with both viruses (e, t ) After 15 h, the cells were fixed with formaldehyde and the cells in panels Ih), (d) and (¢) were permeabilized with Triton X-11/0. HCMV gH was detected by incubation with antibody HCMV-I6 followed by fluorescein-conjugated rabbit anti-mouse I g G to gH presumably reflects the fact that it is predicted to contain only two methionine residues. To investigate the nature of the gH : gL interaction, lysates of cells infected with UL75-Vac or with UL75-Vac and UL115-Vac were subjected to immune precipitation with antibody HCMV-16 and the precipitation products were analysed by gel electrophoresis under reducing or non-reducing conditions (Fig. 3) . The migration of gH expressed alone was identical in reducing and non-reducing conditions but the gH :gL complex behaved differently in the two gel systems: under non-reducing conditions gL was no longer detectable as a 31K species, the intensity of the 86K gH species was reduced and new products of approximately 120K and >200K were observed. The former probably corresponds to the gH :gL heterodimer and the latter to multimers of the gH :gL complex, gH is therefore disulphide-linked to gL, and the formation of multimers may also involve disulphide linkages. The formation of the HSV-1 gH :gL complex facilitates transport of gH to the cell surface (Hutchinson et al., 1992) . To find whether the HCMV gL homologue exhibited a similar property, 143 TK-cells grown on glass coverslips were infected at an m.o.i, of 15 with UL75-Vac, UL115-Vac or both viruses. After 15 h the ceils were fixed with 2°o formaldehyde, 1°o foetal calf serum in PBS for 20 rain at room temperature. One set of coverslips was then treated with 1% Triton X-100, 1{5o foetal calf serum in PBS for 5 rain at room temperature to permeabilize the cells, gH was then detected by incubation with antibody HCMV-16, followed by a fluorescein-conjugated rabbit anti-mouse IgG (Dako). Fig. 4 shows that cells infected with UL75-Vac contain substantial amounts of gH but that the protein is distributed in the perinuclear and Golgi compartments, and cannot be detected on the cell surface, confirming previous findings (Cranage et al., 1988) . Co-infection with UL75-Vac and UL115-Vac results in no discernible change in the intracellular distribution of gH but the protein is now easily detected at the cell surface. Cells infected with UL115-Vae alone are a negative control in this experiment and, as expected, give no signal.
These experiments illustrate that the UL 115 and UL75 gene products form a stable complex and that the formation of the complex is obligatory for transport of gH (the UL75 product) to the cell surface. These findings are analogous to those reported for the gH : gL complex of HSV-1 (Hutchinson et al., 1992) , and the HCMV ULll5 gene product is therefore the functional homologue of HSV-1 gL, the product of the UL1 gene.
HSV-1 gH is essential for virion infectivity and probably functions in membrane fusion rather than virion binding since gH-negative virions, or virions neutralized with gH-specific antibody, bind to cells but ..fail to enter (Fuller et al., 1989; Forrester et al., 1992) . HSV-1 gL can be considered a functional chaperone in the transport of gH to the cell surface but is also likely to function with gH in membrane fusion because the gH :gL complex is stable and is found in the virus particle (H. Browne, personal communication), and because a syn mutation has been mapped to the UL1 gene ( 
